Abstract: We experimentally demonstrate a temporally stable random fiber laser (RFL) operating at 1070-nm wavelength. A piece of 25-km passive fiber pumped by a 1018-nm ytterbium-doped fiber laser provides both Raman amplification from stimulated Raman scattering and random distributed feedback via Rayleigh scattering. The laser output of the RFL system shows temporally stable characteristics, despite the high-intensity noise of the pump source. The output power of the 1070-nm RFL reaches the 10-W level. The RFL working in the wavelength range between 1.06 and 1.09 m is reported for the first time, to the best of our knowledge, in this paper. We believe that our result may be further applied in high-power fiber laser amplifications.
Introduction
Fiber lasers and amplifiers have been widely involved in scientific research and practical applications such as communications or industrial processing. The power scalability of Ytterbiumdoped fiber lasers (YFLs) has risen significantly based on master oscillator power amplifier (MOPA) configuration [1] , [2] . Due to the gain property of the Yb ion, both the continuous wave (CW) and pulsed fiber MOPA operate in the wavelength region between 1.06 and 1.09 m in most of the experimental approaches [3] - [5] . The quality of the seed laser, especially for its temporal property, affects the operating characteristics of the power amplifier (PA) and the output performance [6] . However, in most cases, the conventional seed laser is formed by an Yb-doped fiber oscillator, which suffers from self-pulsation effect with temporal instability and intensity fluctuations [7] - [9] . The temporal instability causes strong nonlinear effects under high pump power and limits the power scalability of the MOPA system.
Random fiber laser (RFL) based on random distributed feedback (RDFB) has attracted increasing attention in recent years [10] . Research on RFL has focused on the power performance, spectral evolution and potential applications [11] - [19] . It has been demonstrated that temporally stable laser operation with suppressed amplitude fluctuations is a significant feature of RFL. This property shows the benefit of using a RFL as a seed source in high power MOPA systems. To match the wavelength specified for fiber MOPA system, the central wavelength of the RFL should be located within the 1.06 to 1.09 m range to ensure efficient power amplification, according to the gain property of the Yb ion. A tunable random distributed feedback fiber laser working at 1 m was reported using long passive fiber to provide RDFB [20] , but it used active gain from Yb-doped fiber instead of the normal way of Raman gain in common RFL systems. Due to the lack of a "suitable powerful pump," random fiber laser that utilizes both stimulated Raman scattering (SRS) amplification and RDFB from passive fiber in the wavelength range of 1.06 to 1.09 m have not yet been reported. RFLs working at different wavelengths have been realized according to previous work [14] , [21] - [24] , and the only two currently reported RFLs around or below 1.1 m operate, respectively, at 980 nm (laser diode directly pumped) [25] and 1115 nm (fiber laser pumped) [22] . In order to achieve that the RFL operates between 1.06 and 1.09 m through the Raman effect, the pump wavelength should be correspondingly within 1.01 to 1.03 m range. Pump lasers in this wavelength region are difficult to achieve due to the small net gain of the Yb ion in this band. In order to be useful as a seed source for the above mentioned MOPAs, we have chosen 1070 nm to be the working wavelength for the designed RFL system. The preliminary work of realizing 1070 nm RFL is to carefully prepare a high power Ytterbium-doped fiber laser at 1018 nm as the pump source. Current studies on high power 1018 nm YFL should face the obstacle of insufficient passive devices compared with other ordinary wavelength (1064 nm, etc.) fiber lasers, and the devastating effect of spurious oscillation. Based on current research, the configuration of the 1018 nm laser should be optimized with respect to influential parameters such as the amplified spontaneous emission (ASE) feedback, the fiber type and fiber length of Yb-doped fiber, reflectivity of the fiber Bragg gratings (FBGs), pumping direction, etc. [26] . The 1018 nm pump laser used in the laser system has been highly optimized to achieve stable laser generation by suppressing the ASE effect or spurious oscillations. The optimization of the pump is an essential prerequisite for further realization of the 1070 nm RFL.
In this paper, we introduce a temporally stable random fiber laser working at 1070 nm wavelength for the first time. The RFL pumped by 1018 nm YFL utilizes SRS amplification and random distributed feedback in a long passive fiber. During the generation of the RFL, the high intensity-noise of the 1018 nm pump is effectively eliminated and the temporal stability of the 1070 nm RFL is well maintained. We believe our proposed work of realizing 1070 nm random fiber lasing has offered the potential of applying RFL to seeding of high power fiber amplifiers, which has added a new and important result to the field.
Experimental Setup
The configuration of the random fiber laser system is depicted in Fig. 1 . The Ytterbium-doped fiber laser working at 1018 nm has been optimized in structural design to suppress ASE or spurious oscillation. It serves as the pumping source for the RFL system. A band pass filter (BPF) working at 1018 nm has been introduced to eliminate the ASE spectral components around Fig. 1 . Experimental setup of the random fiber laser system. BPF: band pass filter; WDM: wavelength division multiplexer; P 1 : 1018 nm port of WDM; P 2 : 1070 nm port of WDM; P 3 : common port of WDM; P 4 : extra port of WDM; RDFB: random distributed feedback.
1030 nm, as a precaution against backward feedback into the pump laser which often results in unexpected self-oscillation or spurious oscillation [26] , [27] . By using a 1018/1070 nm wavelength division multiplexer (WDM, using single mode fiber with core diameter of 10 m), the pump laser is injected into the passive fiber. The common port ðP 3 Þ of the WDM is spliced into a 25 km-long SMF-28e+ optical fiber, which acts as the passive fiber providing random distributed feedback via Rayleigh scattering. We can measure the forward output laser from the free end of the passive fiber, and the backward output laser at P 2 port of the WDM. All the free fiber ends (including the extra port P 4 of the WDM) in the laser system are angle-cleaved to 8 to suppress any unexpected Fresnel reflection.
Results and Discussion
The power performances of both the forward and backward RFL outputs with regard to the pump power are shown in Fig. 2 . Under the same pump power, the laser from output 1 (dot) has much higher power than that from output 2 (triangle). The measured laser power from output 1 reaches 10.21 W with 23.9 W pump power delivery, while in the meantime, the power from output 2 is only about 65 mW. The power at output 1 increases linearly with the pump power, while the power of output 2 fails to increase linearly due to the notable emergence of higher-order Raman Stokes waves. The linear fitted function of the laser power measured from output 1 has a slope efficiency of 50.6% with the random lasing threshold around 3 W. The low efficiency of the random lasing from output 2 is mainly attributed to the generation of higher order Raman Stokes light and the absorption loss caused by the 25 km-long passive fiber. The measured power level of backward propagating RFL is usually much higher in such cases involving long passive fibers [21] , [28] . As the power from output 1 shows a linearly increasing tendency, the RFL system has the potential of achieving higher power laser output if we add more powerful pump lasers.
The laser spectra at the two output ends have been measured using an optical spectrum analyzer (OSA) and shown in Fig. 3 . The "two peak" shape of the first-order Stokes wave operating around 1070 nm has been observed in Fig. 3(a) of the laser spectra measured from output 1, which corresponds to the Raman gain spectrum [29] . The two narrow peaks are located at separate Raman gain maxima of 1066 nm and 1071 nm. Laser emission occurs when the pump power just exceeds the lasing threshold, and the left Raman peak of 1066 nm shows larger intensity than the right peak at an early stage. By further increasing the pump power, energy transfers from the left to the right peak of 1071 nm with certain spectral broadening which agrees with what has been reported in other work [14] . At 10.21 W maximal laser power output, the 1071 nm peak is dominant and has a 3 dB bandwidth of 0.7 nm. In addition, as the propagating light at other wavelengths except for 1070 nm can be removed by the WDM, the backward RFL output possesses relative pure spectral feature with neglectable pump light and higher order Stokes wave constituents. Fig. 3(b) refers to the RFL spectra measured from output 2 with regards to different laser powers. At 0.5 W pump power, which is below the RFL threshold, the output light with 8 mW power contains only the 1018 nm pump and shows broadband self-oscillation. The self-oscillation pulses can be attributed to the intensity fluctuations of 1018 nm pump laser slightly above its threshold caused by ASE and spurious oscillation [26] , [27] . If we continue to increase the pump power, self-oscillation quickly disappears and the system generates random laser from output 2 with first-order Stokes wave around 1070 nm and second-order Stokes wave around 1125 nm.
The 1018 nm YFL which serves as the pump source is quite sensitive to the backward propagating light caused by any unexpected feedback. The extra feedback may result in self-oscillation or spurious oscillation, and thus devastates the laser generation. So we study on the spurious oscillation suppression methods by introducing 1018 nm isolator (ISO) or BPF in structure. Fig. 4 illustrates the measured spectra from output 2 without introducing an ISO or BPF before the WDM. By increasing the pump power, the ASE spurious oscillation at 1030 nm wavelength takes place with strong self-oscillation and higher-order Raman Stokes waves. Without certain precautions against spurious oscillations, the random distributed feedback brings about backward propagating light back into the 1018 nm pump YFL and results in unexpected extra oscillations. The introduction of an ISO working at 1018 nm fails to suppress the unexpected spurious oscillation either, as the backward propagating broadband ASE light easily passes through the ISO which has a restricted isolating wavelength range. However the BPF shows remarkable suppression on the spurious oscillation, and the measured laser spectra contains no extra oscillating components. Therefore, by introducing a BPF working at 1018 nm, we can effectively eliminate the spurious oscillation of the system and guarantee the stable generation of random fiber laser.
The temporal profiles of the RFL have been measured from output 2 by using a 180 MHz detector and an oscilloscope with 1 GHz bandwidth. Fig. 5(a) illustrates the temporal profile measured from output 2 with about 1.5 W pump power. The temporal profile shows random pulses with high peak power due to the self-oscillation of the 1018 nm YFL under low power situation. By further increasing the pump power, self-oscillation disappears and another pulse regime occurs near the 1070 nm random laser threshold. Fig. 5(b) illustrates the temporal profile measured from output 2 at 4.5 W pump power which is slightly above the random lasing threshold. According to previous work, random fiber laser working near threshold exhibits non-periodic pulses owing to the stimulated Brillouin scattering (SBS) effect, and the oscillation in the time domain is similar to the passive Q-switched behavior in Raman fiber lasers according to the combined RS-SBS feedback [10] , [30] . Due to the relatively low threshold and narrow bandwidth, the increase of pumping power with combined RS-SBS feedback leads to the generation of higher-order SBS Stokes waves and causes the temporal instability of the CW lasing regime [21] , [31] .
The temporal profiles shown in Fig. 5 are detected under quite low pump powers and are characterized with pulsed behavior. But when the pump power exceeds 8 W, stable quasi-CW random fiber laser generation can be obtained. Output lasers from output 1 and output 2 both show good time stability without erratic fluctuations. We have measured the temporal profile of the 1018 nm pump laser operating at 17.6 W, and shown in Fig. 6(a) . Under the same pump power level, the random laser system generates a power of 7.45 W at output port 1 and its recorded time domain is shown in Fig. 6(b) . Fig. 6 (c) refers to the (Radio-frequency) RF spectrum of both the 1018 nm and 1070 nm laser by Fourier transforming the measured temporal data shown in Fig. 6 (a) and (b) . The original oscillating components of the pump laser in the 10 MHz to 100 MHz frequency range no longer exist in the RF spectrum of the 1070 nm random laser. So it is believed that there is a removal process of the intensity-noise during the generation of the RFL. The intensity-noise transfer in this work is in accord with the pump noise suppression process of distributed feedback fiber lasers studied in previous work [32] . In addition, the laser system generates temporally stable RFL output at 1070 nm despite the fluctuations of the unstable pump. The experimental demonstration of the temporally stable 1070 nm RFL makes it a potential choice for seed laser in high power fiber amplifications.
Conclusion
In summary, we have demonstrated a random fiber laser working at 1070 nm with temporal stability. Despite the high intensity-noise of the pump, the system has realized temporally stable CW fiber laser output owing to the noise removal process during RFL generation. We have achieved the random fiber laser generation between the 1.06 and 1.09 m wavelength range for the first time to the best of our knowledge. The generated 1070 nm random fiber laser reaches 10 W level power output with 50.6% slope efficiency. The temporally stable RFL has the potential to be further applied in high power MOPA systems, and this work may help to understand the noise removal process in random fiber lasers. 
